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Li-O2 battery has attracted considerable attention in the past two decades and is expected a promising energy 
storage device for future electric propulsion technology because of its high theoretical energy density of 3458 Wh 
kg-1. It works in an aprotic electrolyte solution by reducing O2 to lithium peroxide (Li2O2) during the discharge 
process (Eqs.1a~1c) and decomposing the Li2O2 to O2 in the subsequent charge process.  
As a final discharge product on the cathode of the Li-O2 battery, the Li2O2 is known to hardly dissolve in 
most aprotic solvents and is deposited on the electrode surface, especially when the direct electrochemical 
reduction (Eq. 1b) occurs on the electrode surface. The insulated Li2O2 would block the electron transfer from the 
electrode to the oxygen, results in low discharge capacity. A serious of soluble catalyst, oxygen reduction redox 
mediator (ORRM), was developed in the study to achieve solution-phase growth of Li2O2 and avoid surface 
growth of Li2O2. The electrochemically generated ORRM− species (Eq. 2a) chemically reduces the O2 to form the 
LiO2 (O2−) (Eq. 2b) or Li2O2 (Eqs. (2c) and (2d)) and then regenerates itself to the ORRM.  
O2 + Li+ + e− → LiO2      (1a)   
LiO2 + Li+ + e− → Li2O2      (1b) 
2LiO2 → Li2O2 + O2      (1c) 
ORRM + e−→ ORRM−          (2a) 
ORRM− + O2 + Li+→ ORRM + LiO2  (2b) 
ORRM− + LiO2 + Li+→ Li2O2 + ORRM (2c) 
2ORRM− + O2 + 2Li+→ Li2O2 + 2ORRM (2d) 
 
Scheme 1 Structures of AQ and its derivatives. 
A group modification strategy was employed to anthraquinone (AQ) to change its derivatives’ reduction potential, 
which shows a significant effect on the catalytic performance. The introduction of electron-withdrawing groups onto the 
AQ moiety moves its reduction potential to the more positive region. Electron-donating groups onto the AQ moiety 
inversely moves its reduction potential to the negative direction (Scheme 1). 
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Figure 1 The discharge curves with and without ORRM under the current density of 0.1mA cm-2 in the oxygen 
environment with a water content of 0.2 ppm (a) and RH 5-6% (b). 
By the introduction of two nitro (NO2) groups to the AQ moieties (i.e., 1,8-DNAQ), an approximate 45 times 
increase of the discharge capacity has been realized with an elevated discharge potential (Figure 1a). Furthermore, 
we found that the water molecule from the oxygen environment exhibits a dramatic synergistic effect with the 
ORRM on the discharge capacity of the Li-O2 battery (Figure 1b).  
 
Figure 2. Selected Raman spectrum of the graphitic carbon paper (CP) at different states, pristine CP, crushed CP 
powder and discharged CP, the intensity ratio of the 2D band over G band shown in each curve. 
Furthermore, when a graphitic carbon paper TGP-H-060 was used instead of H23 used in Fig. 1, the 
discharge capacity was found to significantly increase to 120 mAh cm-2 with an ORRM of 1,8-DNAQ, much 
higher that using H23 under the same condition (1.2 mAh cm-2). After the discharge process, the Raman 
measurements (Figure 2) showed that that the intensity ratio of 2D band and G band (I2D/IG) from the graphite 
substrate clearly increases, implying formation of graphene-like structures during the discharge process. We found 
that the discharge product Li2O2 could intercalate into the interlayer of graphite, results in graphene exfoliation, 











実現されている．しかしながら，ORR 反応による放電生成物の過酸化リチウム(Li 2 O 2 )は電気伝導
率が悪いため，電極表面に厚く成長できず，電池容量増加に重大な支障を及ぼしている．本博士
論文では，これらの問題の解決を目指し，アントラキノン (AQ)の骨格を基本とした新規酸素還元
メディエーター(ORRM)による ORR 反応について系統的に調べた結果，溶液相における ORR 反応









の電位に入るよう ORRM としての分子設計を行い，ORR 活性への影響について系統的に調べた．
その結果，AQ 誘導体の還元体による酸素分子の化学的還元反応が溶液相に優先的に進行させるこ
とにより，従来の電気化学的析出した Li 2 O 2 の低い電気伝導率の問題を抑制し，電池の放電容量
の大幅な増加につなぐ．特に NO 2 基を AQ 環に二つ導入することにより，AQ の還元開始電位を
2.51V (vs. Li+/Li)から 2.76V へシフトさせ，酸素還元による放電容量を 45 倍増加させた．現在の
文献に報告された最高値に匹敵する結果が得られた．一方，酸素中に一定量の水分子を含ませる













している．従って，Han 氏が提出する博士論文は，博士（理学）の学位論文として合格と認めた．  
